Abstract-For the single-phase, dual active bridge converter (DAB) based three-stage solid state transformer (SST), the instantaneous load power seen by the DAB converter varies from zero to twice the load average power at double-line frequency. Traditionally with phase-shift modulation (PSM) control, large DC link capacitors are needed to handle the instantaneous load power variation while DAB converter only processes the constant power resulting in better soft-switching range and consequently high efficiency. However, the large electrolytic capacitors required in the DC link adversely affect the power density and the reliability of SST. In this paper, a PWM control is applied to minimize the DC link capacitor for the DAB based three-stage SST. The experimental results prove that DAB converter with PWM control has extended ZVS range down to nearly zero load and therefore improved efficiency at light load. Consequently, DAB can achieve comparable high efficiency while the DC link capacitors of SST can be reduced to a value low enough for film capacitor implementation.
INTRODUCTION
Power electronic converters based solid state transformers (SST) are being explored for application in smart distribution systems [1] . Among various SST configurations, the three-stage SST consisting of AC/DC rectifier, DC/DC converter with transformer isolation and DC/AC inverter, as shown in Figure 1 , is a good choice due to its superior controllability that enables all SST functions [2] . For the DC/DC stage of SST, the dual active bridge (DAB) converter is implemented due to its simple structure, ZVS feature and bidirectional power flow capability. However, DAB converter has only a limited ZVS range with traditional phase-shift modulation (PSM) control when the ratio of the referred output voltage to the input voltage is not equal to one, leading to low efficiency at light load [3, 4] . In the SST application, the load seen by the dual active bridge is the DC/AC inverter which connects to an AC load and has an instantaneous power from zero to twice the rated power at double-line frequency, namely 120Hz. Therefore light load operation and consequently low efficiency is inevitable when instantaneous power is low unless large DC link capacitors are used in DAB converter to withstand the load power variation and make DAB operate at a constant rated power all the time. This is the way that most SST designers have chosen present to achieve high efficiency of DAB converter [5] .
However, the large DC link capacitor brings many problems in practical implementation. And even with large DC link capacitor, when the inverter average load power is low, DAB converter with PSM control still needs to process a low power and hence operates with hard-switching; consequently, efficiency is impacted and associated EMI might be an issue. In this paper, a PWM control scheme is used to extend the ZVS range of DAB converter down to zero power. Then the benefits of applying PWM control to the DAB converter in solid state transformer are explored. As a result, much smaller DC link capacitance can be reached while DAB converter can still achieve high efficiency. In addition, when the load average power is low, high efficiency conversion is still obtained with PWM control.
II. PWM CONTROL OF DAB
Traditionally, DAB converter is controlled by phase-shift modulation (PSM) control. Although the simple PSM control has many advantages, it also has two main problems: 1) limited ZVS range at light load; 2) high circulating energy/current at light load; and these drawbacks get even worse for some applications requiring wide input/output voltage variations or power variations. Several advanced modulation/control schemes have been proposed to address the problems mentioned above [6] [7] [8] [9] [10] [11] [12] ; however, only the PWM control, specifically dual PWM control proposed in [12] , can achieve ZVS down to zero load, which is very suitable to the SST application where the instantaneous load power of DAB converter varies over a wide range. Unlike the traditional PSM control that adjusts only the phase-shift between the primary and the secondary bridges of DAB to control the power transferred, the PWM control, also adjusts the phase-shift between the two legs within either the primary or the secondary bridge at one time or both bridges simultaneously, called single PWM control or dual PWM control respectively. In the section below, a detailed analysis of PWM control is presented, which expands on the analysis in [12] .
A. Single PWM Control
Figures 2 (a) and (b) show the operating (within ZVS range) waveforms of a DAB converter with single PWM control for buck mode (when the ratio of the referred output voltage to the input voltage, , is less than one) and boost mode (when is greater than one) respectively. In the following analysis, only the forward power flow situation is considered for the explanation of the PWM control operating principles, as the analysis for reverse power flow case is very similar to that for forward power flow.
1) Buck mode
In Figure 2 (a), the referred secondary (output) side voltage of transformer is still a square wave with a duty cycle of 0.5 as with the PSM control; while the transformer primary voltage has a duty cycle less than 0.5. This is because there is a phase-shift inserted between two legs in the primary bridge, which means a freewheeling interval when the transformer leakage inductance current goes through either the upper or the lower two switches in the primary bridge. From the method in [3] , expressions of current 0 , and are derived as
where is the input voltage, is the switching angular frequency, is the leakage inductance of the transformer, and is the ratio of the referred output voltage to the input voltage, namely ⁄ . Then the output power is derived as
where is the phase-shift between the fundamental components of and , defined as
The amount of output power is now controlled by instead of . During the forward power flow, is positive, similar to PSM control in which is positive; and the control phase-shift is negative when reverse power flow.
For achieving ZVS operation in both bridges, the constraints can now be specified as 
To get the minimum output power within ZVS range, from the observation of (4), should be minimized and, oppositely, should be maximized. According to (1) and (6), when 0. 5 1, increase of will extend the ZVS range of the leading leg in the primary bridge; while, according to (2) , larger results in the smaller absolute value of . When reaches zero, the ZVS requirement is violated. Thus the maximum/optimal is found by setting equals to zero, then
Substituting (9) into (5), expression of is given as
It should be noted that, from (9) and (10), maximizing and minimizing conflict each other since they are both positively related to . Through the numerical verification, it is found the output power depends more on than on . Therefore, minimum power occurs when is minimum; by setting equals to zero, the optimal and corresponding values are derived as
,
Consequently the output power with soft-switching operation is lowest, meaning that the ZVS range is maximized. Substituting (11) and (12) into (4), the minimum output power within ZVS range is , , · 1
For comparison, the minimum output powers within ZVS range with PSM control and single PWM control are plotted in Figure 3 (a). It is shown that as decreases, the single PWM control can reduce the minimum power within ZVS by 10% of the rated power.
2) Boost mode
Similarly, for the boost mode operation, a phase-shift between two legs in the secondary bridge is introduced; while there is no phase-shift between two legs in the primary bridge as with the PSM control. From the same method in previous part, the optimal , and corresponding minimum output power are determined as 
B. Dual PWM Control
As discussed above, the single PWM control of DAB is still not able to reduce ZVS range down to zero load; thus, a simultaneously dual PWM control (both and are applied) is employed to obtain ZVS at zero load (theoretically). Figure 4 shows the operating waveforms of DAB with dual PWM control in buck mode. Then the expressions of 0 , , and are given as 
where is the phase-shift between fundamental components of and , defined as (20)
The output power with dual PWM control is then derived as
To achieve ZVS for all switches of DAB converter, it is required that
In order to find the optimal and values for ZVS, the circulating energy analysis is presented below, as in [12] . The third and fourth plots of Figure 4 show the leakage inductance current of DAB with dual PWM control. In third plot, the darker shaded area shows the circulating energy between input port and transformer leakage inductance while the lighter area presents the freewheeling current/energy in the transformer primary winding; similarly, in the bottom plot of Figure 4 , the darker and lighter shaded areas indicate the circulating energy between output port and leakage inductance, and the freewheeling energy in the secondary winding respectively. In both plots, the un-shaded area shows the energy/power transferred from input to output. It can be seen that the output power is only dependent on the absolute value of 0 ( π ); the RMS value of the leakage inductor current is related to , and , besides 0 . Thus, , and should be minimized to reduce transformer leakage inductance RMS current meanwhile satisfying the ZVS conditions. Then theoretically the optimal and are found by setting
From (20), (26) and (27), can be down to zero with a value of , which is feasible for dual PWM control; correspondingly, both , and , values are . Therefore, with dual PWM control, the ZVS range is extended to zero load and the RMS current of the leakage inductor is minimized.
C. Composite Control
From the above analysis of dual PWM control, as power increases, increases till equals 1 2 ⁄ , which causes equals to zero and is decreased to 1 , the optimal value for single PWM control. Then the modulation transfers from dual PWM control to single PWM control seamlessly.
This seamless transition feature is very important for achieving ZVS from full load to zero load, making the composite control very suitable to the solid state transformer application where the load power of DAB varies from zero to twice the rated power. It should be noted that, however, in practical implementation, ZVS is lost at very light load and around the transition from single PWM control to dual PWM control.
III. DAB WITH PWM CONTROL IN SST APPLICATION
One of the most important advantages of DAB with PWM control in solid state transformer application is the reduction of required DC link capacitance. With traditional PSM control, to achieve the high efficiency operation, the DC link capacitor in SST should be large enough to withstand the instantaneous power variations of its AC load and to make DAB converter process only constant average load power.
For the specific design in this paper, as shown in Table I , the instantaneous load power is from 0 to 500 W with a frequency of 120 Hz. The DC link capacitor should absorb or where is the double-line frequency current ripple (peak current) at maximum power. Usually the polypropylene film capacitor is preferred in the high power high frequency design due to its long lifetime and high performance in that it has very low dissipation factor, almost constant with temperature [13] . However, with such a large capacitance, the high cost of film capacitors will increase the cost of the converter considerably. And even a much cheaper aluminum electrolytic capacitor with a large capacitance and high voltage rating is very expensive for most designs. More importantly, the use of the electrolytic capacitors will impact the performance of the converter.
However with the PWM control scheme, the DAB converter can still achieve ZVS operation and hence high efficiency at light load, but large DC link capacitance is not necessary as DAB converter can process the instantaneous load power with comparable efficiency. Ideally the DC link capacitor has no need to withstand low frequency power variations, as shown in Figure 5 ; the capacitor only needs to handle high frequency power ripple and thus can be much smaller, calculated as is the switching frequency current ripple at maximum power and ∆ is high frequency voltage ripple requirement, which is 2.5 V in this design.
It has been seen that the DC link capacitance is reduced significantly from 2.21 mF to 60 µF, down to a value where electrolytic capacitors are not required. Thus the system performance, reliability and power density are ensured by using high performance, long lifetime and small volume film capacitors.
However, it should be noted that this capacitance is calculated only based on the ideal situation. Practically, due to the hard-switching at very light load and around control transition from single PWM to dual PWM, a little power mismatch between load and DAB processed power is generated and the capacitance needed would be larger than calculated .
IV. EXPERIMENTAL VERIFICATION
A DAB converter prototype is designed and built for preliminary verification of the effect of PWM control of DAB converter in SST application. The output DC link capacitors are chosen as 60 µF, which consists of a 40 µF and a 20 µF EPCOS polypropylene film capacitor. Figure  6 (a) shows the prototype of the DAB converter and the high frequency DAB transformer and the extra leakage inductor are shown in Figure 6 Before the test with AC load, the DAB converter was first tested with DC load to verify the extended ZVS range and reduced leakage inductance current of DAB with PWM control. Figure 7 shows the experiment results of DAB converter at heavy load (350 W) with PSM and PWM control respectively while Figure 8 shows the results at light load (100 W) with two control methods. At heavy load, DAB converter with both control methods is running within the ZVS range; but it is clear that, at light load, with PSM control the output bridge is experiencing hard-switching due to the negative current at the transition point. Under the same condition, the DAB with PWM control can still achieve softswitching, which verifies the extension of ZVS range. Moreover, from the measurement, the leakage inductance RMS current is reduced from 6.37 A with PSM control to 5.65 A with PWM control at heavy load; at light load, the RMS current is reduced as well from 2.73 A with PSM control to 2.31 A with PWM control.
To further compare the conversion efficiency, data at more operating points are obtained and the efficiency comparison between PSM and PWM control is shown in Figure 9 . It can be seen that the DAB converter efficiency with PWM control is much better than the efficiency with PSM control at light load. For the heavy load, the efficiency with PWM control is still higher though not significant than that with PSM control.
Next, an inverter is connected to the DAB converter as its load with a DC link capacitor of only 60 µF. As expected, the experiment shows that due to limitations on the bandwidth of the DAB controller, the DAB converter does not process the entire 120 Hz power pulsations and there is still some low frequency voltage ripple on the DC link
capacitor. In order to limit the overall ripple in the voltage across the capacitor to 5 V per the specifications, an extra 110 µF film capacitor is added in the DC. However, the total capacitance needed is still much smaller than that with PSM control of DAB in SST. The corresponding experimental waveforms are shown in Figure 10 . The efficiency of DAB stage is measured to be 88.1%, which is comparable with the efficiency of DAB with PSM control operating at constant power.
V. CONCLUSION
In order to minimize the DC link capacitance required in the DAB converter based single phase, three-stage solid state transformer, a PWM control scheme is applied to DAB converter. The experiment verifies that PWM control can extend the ZVS range of DAB and consequently improve the efficiency at light load. Therefore, it is applied in the DAB converter based SST to make the DAB processed power match the instantaneous oscillating load power and thus reduce the DC link capacitance to a value that high performance film capacitor is available. With the low value of DC link capacitor, the DAB converter in SST can still achieve a comparable efficiency as that of a traditional SST with phase-shift controlled DAB and with large DC link capacitors.
